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SUMMARY 

Advanced S h o r t  T a k e o f f i v e r t i c a l  Land ing  (STOVL) a i r c r a f t  capab le  o f  oper -  
a t i n g  from remote  s i t e s ,  damaged runways,  and s m a l l  a i r  capab le  s h i p s  a r e  b e i n g  
pursued f o r  dep loyment  a round t h e  t u r n  o f  t h e  c e n t u r y .  To a c h i e v e  t h i s  g o a l ,  
i t  i s  i m p o r t a n t  t h a t  t h e  t e c h n o l o g i e s  c r i t i c a l  t o  t h i s  u n i q u e  c l a s s  o f  a i r c r a f t  
be deve loped.  R e c o g n i z i n g  t h i s  need, NASA Lewis  Research C e n t e r ,  McDonnel l  
Douglas A i r c r a f t ,  and DARPA d e f i n e d  a c o o p e r a t i v e  program fo r  t e s t i n g  i n  t h e  
NASA Lewis  9- b y  15-Foot Low Speed Wind Tunnel (LSWT) t o  e s t a b l i s h  a da tabase  
f o r  h o t  gas i n g e s t i o n ,  one o f  t h e  t e c h n o l o g i e s  c r i t i c a l  to  STOVL. 

T h i s  paper  w i l l  p r e s e n t  r e s u l t s  from a t e s t  p rogram a l o n g  w i t h  a d i s c u s -  
s i o n  o f  t h e  f a c i l i t y  m o d i f i c a t i o n s  a l l o w i n g  t h i s  t y p e  o f  t e s t i n g  a t  model 
s c a l e .  These m o d i f i c a t i o n s  t o  t h e  t u n n e l  i n c l u d e  a n o v e l  g round  p l a n e ,  an 
e l a b o r a t e  model s u p p o r t  wh ich  i n c l u d e d  4" of freedom, hea ted  h i g h  p r e s s u r e  a i r  
for n o z z l e  f low, a s u c t i o n  system e x h a u s t  for  i n l e t  f low, and t u n n e l  s i d e w a l l  
m o d i f i c a t i o n s .  Severa l  flow v i s u a l i z a t i o n  t e c h n i q u e s  were employed i n c l u d i n g  
wa te r  m i s t  i n  t h e  n o z z l e  flows and t u f t s  on t h e  ground p l a n e .  Headwind ( f r e e -  
s t ream)  v e l o c i t y  was v a r i e d  from 8 t o  23 k n .  

INTRODUCTION 

Superson ic  Advanced S h o r t  T a k e o f f i v e r t i c a l  Land ing  a i r c r a f t  capab le  o f  
o p e r a t i n g  from remote s i t e s ,  damaged runways ,  and s h i p s  ( f i g .  1 )  a r e  b e i n g  p u r -  
sued for dep loyment  a round t h e  t u r n  o f  t h e  c e n t u r y .  To a c h i e v e  t h i s  g o a l ,  i t  
i s  i m p o r t a n t  t h a t  t h e  t e c h n o l o g i e s  c r i t i c a l  t o  t h i s  u n i q u e  c l a s s  o f  a i r c r a f t  be 
deve loped.  Severa l  o f  t h e  Advanced S h o r t  T a k e o f f / V e r t i c a l  Land ing  concep ts  
have t h e  p r o b l e m  o f  h o t  gas i n g e s t i o n  ( d u r i n g  v e r t i c a l  f l i g h t  o p e r a t i o n  w h i l e  
i n  g round e f f e c t )  as a k e y  deve lopment  i s s u e .  

I n  g e n e r a l ,  S h o r t  T a k e o f f I V e r t i c a l  Land ing  a i r c r a f t  o p e r a t i o n  near  t h e  
ground can be s u b j e c t  t o  s i g n i f i c a n t  t h r u s t  l o s s e s  due t o  t h e  i n g e s t i o n  o f  h o t  
exhaus t  gases and induced  j e t l a i r f r a m e  i t e r a t i o n s  ( r e f s .  1 and 2 ) .  These 
i n t e r a c t i o n s  o c c u r  between t h e  l i f t  j e t s ,  e n t r a i n e d  flow o v e r  t h e  a i r c r a f t  s u r -  
f a c e s  and a l o n g  t h e  ground,  and amb ien t  winds ( f i g .  2 ) .  I n  t h e  deve lopment  o f  
e f f i c i e n t  S h o r t  T a k e o f f l V e r t i c a l  Land ing  a i r c r a f t ,  i t  i s  e s s e n t i a l  t o  m i n i m i z e  



l o s s e s  caused by  ground e f f e c t s  t o  p r e v e n t  compromis ing  t h e  pe r fo rmance  and 
o v e r a l l  m i s s i o n  o f  t h e  a i r c r a f t .  T h e r e f o r e ,  t h o s e  f a c t o r s  wh ich  s u b s t a n t i a l l y  
a f f e c t  h o t  gas i n g e s t i o n  and induced  l i f t  must be i d e n t i f i e d  and a comprehen- 
s i v e  da tabase must  be e s t a b l i s h e d  t o  g u i d e  t h e  d e s i g n  o f  advanced s h o r t  
t a k e o f f i v e r t i c a l  l a n d i n g  a i r c r a f t .  P e r f o r m i n g  t h i s  t y p e  o f  r e s e a r c h  a t  f u l l  
s c a l e ,  where i t  has c l a s s i c a l l y  been done,  i s  d i f f i c u l t  and e x p e n s i v e .  A w ind  
t u n n e l  c a p a b i l i t y  i s  t h e r e f o r e  b o t h  d e s i r e d  and r e q u i r e d .  Hot gas t e s t i n g  a t  
model s c a l e  has been a t t e m p t e d  p r e v i o u s l y  i n  a w ind  t u n n e l  ( r e f .  1 )  b u t  some- 
t i m e s  w i t h  l e s s  t h a n  s a t i s f a c t o r y  r e s u l t s .  Tunnel w a l l  i n t e r f e r e n c e ,  p r e -  
mature  model and t u n n e l  h e a t i n g ,  and t e m p e r a t u r e  s c a l i n g  prob lems a l l  have 
i n f l u e n c e d  t h e  r e s u l t s .  Knowing these  p a s t  sho r t comings  NASA Lewis  Research 
C e n t e r ,  McDonnel l  Doug las  A i r c r a f t ,  and DARPA d e f i n e d  a c o o p e r a t i v e  program 
fo r  t e s t i n g  i n  t h e  NASA Lewis  9- by  15-Foot  Low Speed Wind Tunnel (LSWT) t o  
deve lop  a new model t e s t i n g  t e c h n i q u e  and e s t a b l i s h  a r e q u i r e d  da tabase f o r  
h o t  gas i n g e s t i o n  f o r  advanced STOVL. T h i s  paper  w i l l  p r e s e n t  r e s u l t s  from 
t h i s  t e s t  p rogram a l o n g  w i t h  a d i s c u s s i o n  o f  t h e  f a c i l i t y  m o d i f i c a t i o n s  a l l o w -  
i n g  a s u c c e s s f u l  c o m p l e t i o n  o f  t h i s  t y p e  t e s t i n g  a t  model s c a l e .  These m o d i f i -  
c a t i o n s  t o  t h e  t u n n e l  i n c l u d e  a nove l  g round p l a n e ,  an e l a b o r a t e  model s u p p o r t  
wh ich  i n c l u d e d  4" o f  f reedom,  hea ted  h i g h  p r e s s u r e  a i r  f o r  n o z z l e  f low, a suc- 
t i o n  s y s t e m  fo r  i n l e t  f low,  and t u n n e l  s i d e w a l l  m o d i f i c a t i o n s .  S e v e r a l  f low 
v i s u a l i z a t i o n  t e c h n i q u e s  were employed i n c l u d i n g  w a t e r  m i s t  i n  t h e  n o z z l e  
f lows and t u f t s  on  t h e  ground p l a n e .  

F A C I  L I  TY  

The t e s t s  were conduc ted  i n  t h e  NASA Lewis  9- b y  15-Foot  LSWT wh ich  i s  
l o c a t e d  i n  t h e  r e t u r n  l e g  o f  t h e  8- by  6-Foot  S u p e r s o n i c  Wind Tunnel  ( f i g .  3 ) .  
Some t e s t s  were conduc ted  a t  headwind v e l o c i t i e s  from 30 t o  9 0  k n .  These 
v e l o c i t i e s  were o b t a i n e d  u s i n g  t h e  compressor  and by  s l i d i n g  doors  1 and 2 from 
f u l l  open t o  f u l l  c l o s e d .  The m a j o r i t y  o f  t h e  t e s t s  were conduc ted  from 8 t o  
2 3  k n .  These l o w e r  v e l o c i t i e s  were o b t a i n e d  u s i n g  t h e  b l o w e r s  l o c a t e d  i n  t h e  
d r y e r  b u i l d i n g  and by  chang ing  t h e  o p e n i n g  o f  doo rs  4 and 5 .  
g o i n g  o p e r a t i o n ,  doo rs  1 and 2 rema in  c l o s e d .  

D u r i n g  t h e  fore-  

MODEL AND CONFIGURATIONS 

~ 

The model shown i n  f i g u r e  4 i s  a 9 . 2  p e r c e n t  s c a l e  model o f  t h e  M C A I R  
279-3C c o n c e p t .  The model i s  b a s i c a l l y  made up o f  t h r e e  main  s e c t i o n s ;  t h e  
f o r w a r d ,  c e n t e r ,  and a f t  f u s e l a g e .  

Forward  Fuse lage 

The f o r w a r d  f u s e l a g e  s e c t i o n  c o n s i s t s  o f  t h e  nose cone,  t h e  i n l e t s  ( b o t h  

I assembly.  D e t a i l s  o f  t h e  compressor  r a k e  a r e  shown i n  f i g u r e  4 ( b > .  The com- 
main  and a u x i l i a r y ) ,  nose g e a r ,  canards ,  canopy, and compressor  f a c e  r a k e  

p r e s s o r  f a c e  r a k e  i n s t r u m e n t a t i o n  l o c a t i o n s  a r e  shown i n  t a b l e  I. 
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C e n t e r  Fuse lage 

The c e n t e r  f u s e l a g e  s e c t i o n  c o n s i s t s  o f  b o t h  f o r w a r d  and a f t  n o z z l e s  and 
the r e l a t e d  p lenums,  t h e  i n l e t  s u c t i o n  d u c t ,  t h e  main  l a n d i n g  g e a r ,  and t h e  
l i f t  improvement d e v i c e s  ( L I D S )  (when so i n s t a l l e d )  ( f i g .  5 ) .  

l o c a t e d  around t h e  n o z z l e s  p e r i m e t e r  ( f i g .  5 ) .  
The L IDS c o n s i s t  o f  a f o r w a r d  f e n c e ,  s i d e w a l l s ,  and l o n g i t u d i n a l  s t r a k e s  

The a f t  f u s e  

A f t  Fuse lage 

age c o n s i s t s  o f  a c o v e r  and ower body.  

C o n f i g u r a t i o n  

F i g u r e  6 (a )  shows t h e  f r o n t  v iew  o f  t h e  f o r w a r d  n o z z l e s .  I n  t h i s  p l a n e ,  
t h e  n o z z l e s  can be r o t a t e d  i n b o a r d  t o  form a n e g a t i v e  s p l a y  a n g l e  (from t h e  
s t r a i g h t  down p o s i t i o n ,  0" s p l a y ) .  The a f t  n o z z l e s  were a lways  a t  0" s p l a y .  
From t h e  s i d e  v iew  ( f i g .  6 ( b > ) ,  t h e  n o z z l e s  ( f o r w a r d  and a f t )  can be r o t a t e d  
from 0" ( f u l l  a f t )  t o  100" ( n o z z l e s  a r e  p o i n t e d  s l i g h t l y  f o r w a r d ) .  The a n g l e  
c r e a t e d  i n  t h e  s i d e  v iew  i s  r e f e r r e d  t o  as v e c t o r  a n g l e .  

MODEL-SUPPORT SYSTEMS - INSTRUMENTATION 

A v iew o f  t h e  model i n  t h e  t e s t  s e c t i o n  i s  shown i n  f i g u r e  7 .  Also shown 

The model h e i g h t  was v a r i e d  by  chang ing  t h e  number o f  

a r e  t h e  model s u p p o r t  s y s t e m ,  wh ich  i n c l u d e s  t h e  h i g h  p r e s s u r e  hot (500" F )  a i r  
l i n e s ;  a s u c t i o n  l i n e  t o  p r o v i d e  i n l e t  a i r f l o w ,  and t h e  g round  p l a n e  w i t h  t h e  
s l i d i n g  t r a p  door  open.  
spacers  between t h e  upper  and l o w e r  f l a n g e s  and a d j u s t i n g  t h e  j a c k  screws.  

The h i g h  p r e s s u r e  a i r  l i n e s  p r o v i d e d  t h e  a i r  f low f o r  t h e  model n o z z l e s .  
The s u c t i o n  d u c t  a l s o  p r o v i d e d  s u p p o r t  f o r  t h e  h o t  a i r  and i n s t r u m e n t a t i o n  
l i n e s .  P i t c h ,  r o l l ,  and yaw were a d j u s t e d  by  chang ing  t h e  p o s i t i o n  o f  t h e  b a l l  
j o i n t ,  l o c a t e d  below t h e  lower f l a n g e .  

Ground P lane  

A s  seen i n  t h e  pho tog raph  o f  f i g u r e  7 and shown i n  t h e  schemat i c  o f  f i g -  
u r e  8 ,  an e l e v a t e d  ground p l a n e  was i n s t a l l e d  i n  t h e  t e s t  s e c t i o n  w h i c h  i n c o r -  
p o r a t e d  a un ique  t r a p  door  f e a t u r e .  
above t h e  t e s t  s e c t i o n  f l o o r .  T h i s  k e p t  t h e  h o t  a i r f l o w  o f f  t h e  t u n n e l  f l o o r  
and a l l o w e d  i n s t r u m e n t a t i o n  f o r  p r e s s u r e  and tempera. ture measurement o n  t h e  
ground p l a n e .  

Ground p l a n e  i n s t r u m e n t a t i o n  l o c a t i o n s  a r e  g i v e n  i n  t a b l e  11. 

The ground p l a n e  was i n s t a l l e d  18 i n .  

T u f t s  were p l a c e d  on  t h e  ground p l a n e  ( f i g .  7 > ,  f o r  f low v i s u a l i z a t i o n .  
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Trap Door Scaveng ing  S y s t e m  

A t r a p  door  scaveng ing  system was i n s t a l l e d  t o  p r e v e n t  t h e  model s u r f a c e s  
and ground p l a n e  from a r t i f i c i a l l y  h e a t i n g  w h i l e  t h e  n o z z l e s  t e m p e r a t u r e  and 
p r e s s u r e  c o n d i t i o n s  were b e i n g  s e t  between d a t a  p o i n t s .  
system c o n s i s t s  o f  t h r e e  main  components: s l i d i n g  t r a p  door  ( f i g .  8 > ,  d u c t i n g ,  
and e j e c t o r s  ( f i g .  9 ) .  Model n o z z l e  f low was sucked t h r o u g h  t h e  t r a p  door  
open ing ,  down t h e  d u c t  under  t h e  ground p l a n e ;  and exhausted  downstream o f  t h e  
t e s t  s e c t i o n  by  t h e  e j e c t o r s  ( f i g .  9 ) .  When a d a t a  p o i n t  was t a k e n ,  t h e  t r a p  
door  was c l o s e d  and t h e  e j e c t o r s  were a u t o m a t i c a l l y  s h u t  o f f .  A f t e r  t a k i n g  t h e  
d a t a  p o i n t ,  t h e  t r a p  door  was opened and t h e  e j e c t o r s  were a u t o m a t i c a l l y  t u r n e d  
on .  The t r a p  door  was p n e u m a t i c a l l y  a c t u a t e d ,  and i t  c l o s e d  i n  a p p r o x i m a t e l y  
0.5 sec.  

The un ique  t r a p  door  

S i d e w a l l  B l e e d  S y s t e m  

A s i d e w a l l  b l e e d  system p r e v e n t e d  t h e  h o t  a i r  f low o f  t h e  n o z z l e s  from 
r e c i r c u l a t i n g  i n  t h e  t e s t  s e c t i o n .  Two rows o f  a c o u s t i c  p a n e l s  were removed 
from each s i d e w a l l  a t  t h e  ground p l a n e  h e i g h t  a l o n g  t h e  l e n g t h  o f  t h e  t e s t  sec- 
t i o n  ( f i g .  10 ) .  T h i s  a l l o w e d  t h e  g round  a i r f l o w  mov ing  to  t h e  s i d e w a l l s  t o  
f low out o f  t h e  t e s t  s e c t i o n  i n t o  t h e  s u r r o u n d i n g  c a v i t y  as shown i n  f i g u r e  10. 

Water I n j e c t i o n  S y s t e m  

A w a t e r  i n j e c t i o n  s y s t e m  was used t o  conduc t  f low v i s u a l i z a t i o n  t e s t i n g .  
Water was i n j e c t e d  i n t o  unheated  n o z z l e  f low where i t  was a tomized .  Porous 
p l a t e s  l o c a t e d  i n  t h e  n o z z l e  a i r  s u p p l y  l i n e s  h e l p e d  t o  a t o m i z e  t h e  f low. 
Whi te  l i g h t  i l l u m i n a t i o n  was used t o  a l l o w  t h e  f low f i e l d  t o  be v i s u a l i z e d .  A 
s i m p l i f i e d  schemat ic  o f  t h e  w a t e r  i n j e c t i o n  sys tem i s  shown i n  f i g u r e  1 1 .  

I n s t r u m e n t a t i o n  

A p r o p e l l e r  anemometer was used t o  measure a i r  f l ow  v e l o c i t y  i n  t h e  t e s t  
s e c t i o n  as shown i n  f i g u r e  12.  The p r o p e l l e r  anemometer i s  c a p a b l e  o f  measur- 
i n g  headwind v e l o c i t i e s  from 1 t o  98 k n .  The p r o p e l l e r  measur ing  a c c u r a c y  was 
i0.6 k n .  

The t u n n e l  r e f e r e n c e  t e m p e r a t u r e ,  a g a i n s t  wh ich  a l l  t e m p e r a t u r e  r i s e s  
were computed, was measured i m m e d i a t e l y  ups t ream of t h e  t e s t  s e c t i o n  ( i n  t h e  
v i c i n i t y  o f  door  3 ( f i g .  3 ) ) .  Two i r o n l c o n s t a n t a n  (I/C> t he rmocoup les ,  one o n  
each w a l l  of t h e  t u n n e l ,  were used t o  measure t h e  f r e e s t r e a m  t e m p e r a t u r e  and 
were averaged t o  compute t h e  r e f e r e n c e  t e m p e r a t u r e .  

Seven 20 f t  s t r i p s  o f  10 the rmocoup les  were mounted w i t h i n  t h e  t e s t  sec- 
t i o n  ( f i g .  1 3 ) .  One s t r i p  had I/C's and t h e  o t h e r s  were chrome/a lumel  ( C / A >  
thermocoup les .  These s t r i p s  measured t h e  h e a t i n g  i n  t h e  t e s t  s e c t i o n .  Two 
s t r i p s  were p l a c e d  on  each s i d e w a l l  and t h r e e  s t r i p s  i n  t h e  c e i l i n g .  The c e i l -  
i n g  a l s o  c o n t a i n e d  a 8 . 5  f t  s t r i p  o f  s t a t i c  p r e s s u r e  i n s t r u m e n t a t i o n s  f o r  
o b t a i n  ng s t a t i c  measurements. D e t a i l s  o f  t h e  thermocoup les  and p r e s s u r e  
s t r i p s  a r e  shown I n  f i g u r e  14.  
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The ground p l a n e  and t r a p  door  thermocoup les  measured a i r  t e m p e r a t u r e .  
P ressu re  t a p s  were l o c a t e d  on  b o t h  t h e  ground p l a n e  and t r a p  d o o r .  
p l a n e  c o o r d i n a t e  s y s t e m  i n  r e f e r e n c e  t o  t h e  model i s  shown i n  f i g u r e  15.  

The ground 

The NASA Lewis  ESCORT I11 d a t a  s y s t e m  was used f o r  d a t a  a c q u i s i t i o n .  T h i s  
system has a scan upda te  r a t e  e v e r y  second wh ich  i n c l u d e s  a l l  d a t a  r e d u c t i o n  
compu ta t i ons  and f a c i l i t y  and model measurements. The e l e c t r o n i c a l l y  scanned 
p r e s s u r e  system ( E S P )  c o n s i s t s  o f  f o u r t e e n  modules,  each o f  wh ich  c o n t a i n e d  32 
i n d i v i d u a l  t r a n s d u c e r s .  Three ranges o f  t r a n s d u c e r s  were used:  ( 1 )  k5 p s i d  
w i t h  an accu racy  of k0.007 p s i ,  ( 2 )  i 1 5  p s i d  w i t h  an a c c u r a c y  o f  k0.02 p s i ,  
(3) +250 p s i d  w i t h  an accu racy  o f  k0 .17  p s i .  

TEST PROCEDURE 

A l l  t e s t  r u n s  were conducted  a t  s teady  s t a t e  c o n d i t i o n s  w i t h  t h e  model 
c o n f i g u r a t i o n  and a t t i t u d e  f i x e d .  The model c o n f i g u r a t i o n  and a t t i t u d e  ( p i t c h ,  
yaw, r o l l ,  and h e i g h t )  were s e t  m a n u a l l y .  A s  s t a t e d  e a r l i e r ,  most o f  t h e  t e s t  
was conducted  from 8 t o  23 k n .  T h i s  i s  t h e  headwind v e l o c i t y  range  f o r  v e r t i -  
c a l  l a n d i n g .  I n  g e n e r a l ,  t h e  f o l l o w i n g  d e p i c t s  a t y p i c a l  t e s t  r u n :  

( 1 )  A p r e t e s t  t a r e  r e a d i n g  was t a k e n  t o  v e r i f y  i n s t r u m e n t a t i o n  o p e r a t i o n .  

( 2 )  The t r a p  d o o r - e j e c t o r  s y s t e m  was a c t i v a t e d  ( t r a p  door  open and e j e c -  
tors r u n n i n g ) .  

number. 
(3) The i n l e t  s u c t i o n  f 

( 4 )  The n o z z l e  a i r  supp 
a n o z z l e  p r e s s u r e  r a t i o  of a 

ow was s e t  t o  t h e  maximum compressor  f a c e  Mach 

y s y s t e m  was a c t i v a t e d  and each n o z z l e  was s e t  t o  
p r o x i m a t e l y  4.0 t o  h e a t  t h e  mode l .  

(5) The n a t u r a l  gas h e a t e r  was b r o u g h t  up t o  maximum t e m p e r a t u r e  a t  t h e  
n o z z l e s  p lenum ( 9 6 0 "  R ) .  

( 6 )  A f t e r  r e a c h i n g  t h e  d e s i r e d  n o z z l e  t e m p e r a t u r e ,  t h e  i n l e t  s u c t i o n  
f low,  n o z z l e  p r e s s u r e  r a t i o s  and tempera tu re  w e r e  s e t  t o  a t e s t  c o n d i t i o n .  
The d e s i r e d  headwind v e l o c i t y  was s e t  and a r e f e r e n c e  d a t a  p o i n t  was t a k e n  
w i t h  t h e  t r a p  door  open.  

(7) The t r a p  door  was t h e n  c l o s e d  and t h e  i n l e t  t e m p e r a t u r e  r i s e  ve rsus  
t i m e  was m o n i t o r e d  on a s c r o l l i n g  v i d e o  p l o t  t o  e s t a b l i s h  s t e a d y  s t a t e  c o n d i -  
t i o n .  A t  s t e a d y  s t a t e  c o n d i t i o n  d a t a  a r e  taken .  I t  can t a k e  15 t o  45 sec t o  
r e a c h  s t e a d y  s t a t e  c o n d i t i o n s  a t  t h e  compressor  face  r a k e .  

(8) A f t e r  t h e  c o m p l e t i o n  of t h e  d a t a  r e c o r d i n g ,  t h e  t r a p  door  i s  opened 
and t h e  n e x t  c o n d i t i o n  i s  s e t .  

( 9 )  A t  t h e  c o n c l u s i o n  o f  a t e s t  r u n  a p o s t  t a r e  r e a d i n g  i s  t a k e n .  
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P R E S E N T A T I O N  OF EXPERIMENTAL RESULTS 

The p r i m a r y  o b j e c t i v e s  of t h i s  paper a r e  t o  convey t h e  m o d i f i c a t i o n s  t o  
t h e  9- b y  15-Foot Low Speed Wind Tunnel and some o f  t h e  r e s u l t s  o b t a i n e d  f o r  
t h e  STOVL h o t  gas i n g e s t i o n  t e s t .  I n  o r d e r  t o  show these  r e s u l t s ,  i t  i s  neces- 
s a r y  t o  s t a r t  t h e  d i s c u s s i o n  w i t h  t h e  t u n n e l  m o d i f i c a t i o n s ,  f o l l o w e d  by  t h e  
model H G I  r e s u l t s .  A d i s c u s s i o n  on  t h e  ground p l a n e  tempera tu re  and p r e s s u r e  
d i s t r i b u t i o n s  w i l l  fo l low. The f i n a l  f i g u r e s  w i l l  show a few frames from t h e  
w a t e r  f l ow  v i s u a l i z a t i o n .  

Severa l  pa ramete rs  a r e  i m p o r t a n t  i n  h o t  gas i n g e s t i o n .  For example, t h e  
i n l e t  t e m p e r a t u r e  d i s t o r t i o n  can cause eng ine  s t a l l ;  and t h e  i n l e t  p r e s s u r e  
r e c o v e r y  i s  i n d i c a t i v e  o f  t h e  e n g i n e  t h r u s t .  However, t h i s  r e p o r t  w i l l  use 
t h e  i n l e t  t e m p e r a t u r e  r i s e ,  wh ich  i s  t h e  i n c r e a s e  i n  t h e  compressor f a c e  tem- 
p e r a t u r e  o v e r  a r e f e r e n c e  t e m p e r a t u r e .  The e f f e c t  o f  t h e  i n l e t  t empera tu re  
r i s e  i s  a r e d u c t i o n  i n  t h e  e n g i n e  t h r u s t .  I n l e t  t empera tu re  can be i n f l u e n c e d  
by s e v e r a l  f a c t o r s  such as headwind,  h e i g h t  above the  ground,  s p l a y  a n g l e  
between t h e  f o r w a r d  n o z z l e s ,  n o z z l e  t e m p e r a t u r e  l e v e l s ,  and n o z z l e  p r e s s u r e  
r a t i o .  

T h i s  r e p o r t  w i l l  address  t h e  e f f e c t  o f  s p l a y  a n g l e ,  l i f t  improvement  
d e v i c e s  ( L I D S ) ,  and main  l a n d i n g  gear  h e i g h t  above t h e  ground p l a n e .  

RESULTS AND D I S C U S S I O N  

A s  was d i s c u s s e d  p r e v i o u s l y  i n  f i g u r e  2 ,  h o t  gas i n g e s t i o n  ( H G I )  i s  caused 
by  two sources .  The f i r s t  i s  t h e  near  f i e l d  i n g e s t i o n  wh ich  i s  a r e s u l t  o f  t h e  
f o u n t a i n  upwash. W i t h  m u l t i n o z z l e s ,  t h e  n o z z l e  j e t s  imp inge  on t h e  ground 
s p r e a d i n g  i n  a l l  d i r e c t i o n s .  The i n w a r d  f l o w i n g  ground f low (from a n o z z l e )  
encoun te rs  o t h e r  i n w a r d  f l o w i n g  ground f low from a n o t h e r  n o z z l e .  
m e e t  f o r m i n g  a f a n  shape upwash or " f o u n t a i n . "  Once i t  encoun te rs  a n o t h e r  j e t ,  
b o t h  f low upward f o r m i n g  a f o u n t a i n .  A t  some g i v e n  model h e i g h t  above t h e  
ground,  t h e  f o u n t a i n  f low w i l l  imp inge  on t h e  u n d e r s u r f a c e  o f  t h e  mode l .  A t  
t h i s  p o i n t ,  t h e  near  f i e l d  h o t  gas i n g e s t i o n  o c c u r r e d .  T h i s  h o t  gas can f low 
f o r w a r d  and g e t  i n g e s t e d  i n t o  t h e  i n l e t .  

These f lows 

The a i r  f l o w i n g  a l o n g  t h e  a x i s  has n o t  mixed and g e n e r a l l y  r e s u l t s  i n  a 
h i g h  i n l e t  t e m p e r a t u r e  r i s e .  The f o u n t a i n  upwash s t r e n g t h  i s  d e t e r m i n e d ,  i n  
p a r t ,  by  t h e  f o r w a r d  n o z z l e s  t h r u s t  s p l a y  a n g l e ,  t h e  n o z z l e s  e x i t  p l a n e  spac- 
i n g ,  and t h e  h e i g h t  o f  t h e  model above t h e  ground p l a n e .  A v a r i a t i o n  o f  any 
one o f  these  can change t h e  s t r e n g t h  o f  t h e  f o u n t a i n .  The e x i t  p l a n e  s p a c i n g  
e s t a b l i s h e s  t h e  r e l a t i v e  flow a r e a  a v a i l a b l e  f o r  t h e  c e n t r a l  f o u n t a i n  t o  flow 
f o r w a r d  a l o n g  t h e  u n d e r s i d e  o f  t h e  model.  T h i s  w i l l  d e t e r m i n e  t h e  amount o f  
h o t  gas t h a t  i s  i n g e s t e d  i n t o  t h e  i n l e t  f low f i e l d  and g e t  p u l l e d  i n t o  t h e  
i n l e t .  

The o t h e r  sou rce  o f  h o t  gas i n g e s t i o n  i s  t h e  f a r  f i e l d .  The h i g h  v e l o c i t y  
g round j e t  from t h e  n o z z l e s  f low ahead o f  t h e  model u n t i l ,  due t o  buoyancy and 
t h e  headwind,  t h e  f lows s e p a r a t e  from t h e  ground.  The f low i s  t h e n  b lown back  
t o  t h e  model i n l e t  f low f i e l d  where t h e  h o t  gas i s  i n g e s t e d  i n t o  t h e  i n l e t .  
T h i s  form o f  H G I  g e n e r a l l y  causes a l o w e r  i n l e t  t e m p e r a t u r e  r i s e  i n  compar ison  
t o  t h e  near  f i e l d  H G I .  The e x c e p t i o n  i s  when t h e  f a r  f i e l d  s e p a r a t i o n  o c c u r s  
a t  t h e  i n l e t .  
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The c l e a n  c o n f i g u r a t i o n  was t e s t e d  t o  p r o v i d e  a b a s e l i n e  c o n f i g u r a t i o n  t o  
compare t h e  e f f e c t  o f  L I D s .  The c l e a n  c o n f i g u r a t i o n  w i l l  g e n e r a l l y  have a 
h i g h e r  i n l e t  t e m p e r a t u r e  r i s e  because i t  has no way o f  d i v e r t i n g  t h e  near  f i e l d  
i n g e s t i o n .  A parameter  o f  c r i t i c a l  v a l u e  f o r  v e r t i c a l  l a n d i n g  concep t  i s  t h e  
h e i g h t  t h e  main  l a n d i n g  gear  i s  above t h e  ground p l a n e .  Da ta  p r e s e n t e d  i n  t h i s  
paper  a r e  f o r  t h e  d e s i g n  c o n d i t i o n  o f  a n o z z l e  p r e s s u r e  r a t i o  o f  3.02 and com- 
p r e s s o r  f a c e  Mach number of 0.40. 
1 . 1  t o  4.00.  

The n o z z l e  p r e s s u r e  r a t i o  was v a r i e d  from 

The i n l e t  t e m p e r a t u r e  r i s e  a t  t h e  compressor  f a c e  v e r s u s  t h e  d i s t a n c e  o f  
t h e  main l a n d i n g  gear  wheel above t h e  ground p l a n e  i s  shown i n  f i g u r e  16.  

The r e s u l t s  a r e  shown f o r  t h e  c l e a n  c o n f i g u r a t i o n ;  - 6 "  s p l a y  on  t h e  fo r -  
ward n o z z l e s  and 0" s p l a y  on  t h e  a f t  n o z z l e s .  The d a t a  shown fo r  n o z z l e  p r e s -  
s u r e  r a t i o  o f  3 .02 ,  compressor  f a c e  Mach number o f  0 .40,  a n o z z l e  exhaus t  
t empera tu re  o f  960 O R ,  and a headwind v e l o c i t y  o f  10 k n .  I n l e t  t e m p e r a t u r e  
r i s e  i n c r e a s e s  w i t h  d e c r e a s i n g  h e i g h t  above t h e  ground p l a n e .  The most s i g n i f -  
i c a n t  p o i n t  i s  t h e  ground e f f e c t  range  b e i n g  r e l a t i v e l y  s m a l l .  I n  g e n e r a l ,  an 
i n c r e a s e  i n  headwind v e l o c i t y  w i l l  r e s u l t  i n  a h i g h e r  l e v e l  o f  h o t  gas i n g e s -  
t i o n .  T h i s  i s  caused by  t h e  f a r  f i e l d  s e p a r a t i o n  o c c u r r i n g  c l o s e r  t o  t h e  
i n l e t .  

The e f f e c t  o f  s p l a y  a n g l e  i s  shown i n  f i g u r e  17 .  These r e s u l t s  show t h e  
i n l e t  t e m p e r a t u r e  r i s e  o v e r  a range o f  headwind v e l o c i t i e s .  Two c l e a n  c o n f i g u -  
r a t i o n s  a r e  shown, one w i t h  0" s p l a y  and a n o t h e r  w i t h  -6"  s p l a y  ( f o r w a r d  noz- 
z l e s ) .  Aga in ,  t h e  d a t a  a r e  shown fo r  t h e  d e s i g n  c o n d i t i o n  and a n o z z l e  exhaus t  
t empera tu re  o f  960" R .  The 0" s p l a y  c o n f i g u r a t i o n  i n l e t  t e m p e r a t u r e  r i s e  was 
h i g h e r  t h a n  t h e  -6" s p l a y  c o n f i g u r a t i o n .  The d i f f e r e n c e  r a n g i n g  from 22" a t  
10 k n  t o  12" a t  23 k n .  The 0" s p l a y  c o n f i g u r a t i o n  maximum compressor  f a c e  tem- 
p e r a t u r e  r i s e  o c c u r r e d  a t  t h e  8 k n  headwind c o n d i t i o n .  I t  was obse rved  from 
t h e  f low v i s u a l i z a t i o n  t h a t  t h e  f a r  f i e l d  s e p a r a t i o n  p o i n t  o c c u r r e d  near  t h e  
nose g e a r .  A s  t h e  headwind v e l o c i t y  i n c r e a s e d  t h e  s e p a r a t i o n  zones ( f a r  and 
near  f i e l d )  moved under  t h e  model ,  hence p r o d u c i n g  a r e d u c t i o n  i n  t h e  compres- 
sor f a c e  tempera tu re  r i s e .  

When t h e  LIDs a r e  i n s t a l l e d  on  t h e  -6"  s p l a y  c o n f i g u r a t i o n  ( f i g .  1 8 > ,  t h e  
i n l e t  t empera tu re  r i s e  i s  s i g n i f i c a n t l y  reduced .  T h i s  r e d u c t i o n  was caused b y  
t h e  L I D s  e f f e c t i v e n e s s  a t  c o n t a i n i n g  t h e  f o u n t a i n  upwash and d e f l e c t i n g  t h e  ho t  
gas away from t h e  i n l e t  f low f i e l d .  The L IDs reduced  t h e  i n l e t  t e m p e r a t u r e  
r i s e  by a p p r o x i m a t e l y  52" o v e r  t h e  headwind v e l o c i t y  range from 10 t o  23 k n .  

MODEL TEMPERATURE PROFILES 

The a i r  a round t h e  model f u s e l a g e  was measured w i t h  the rmocoup les  wh ich  
p r o t r u d e  0.10 i n .  beyond t h e  model s u r f a c e .  Da ta  a r e  shown fo r  t h e  -6" s p l a y  
c o n f i g u r a t i o n  w i t h  and w i t h o u t  L IDs .  A i r  t e m p e r a t u r e  was measured a t  43 d i f -  
f e r e n t  l o c a t i o n s  around t h e  mode l .  

Temperature measurements made 0.10 i n .  beyond t h e  u n d e r s u r f a c e  o f  t h e  
model a r e  shown i n  f i g u r e  19. These measurements a r e  made a l o n g  t h e  model 
c e n t e r l i n e .  The d a t a  a r e  p r e s e n t e d  f o r  a 10 k n  headwind,  a n o z z l e  p r e s s u r e  
r a t i o  o f  3.02, compressor  f a c e  Mach number o f  0.40, and main  gear  h e i g h t  o f  
0 .10  i n .  Bo th  c o n f i g u r a t i o n s  had maximum t e m p e r a t u r e  near  t h e  main  l a n d i n g  
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gear  o f  900 O R .  The tempera tu re  l e v e l  was t h e  same f o r  b o t h  c o n f i g u r a t i o n s  
u n t i l  ups t ream of t h e  LIDs f o r w a r d  fence (model s t a t i o n  2 4 ) .  The l o c a l  temper- 
a t u r e  was reduced by 200 O R  a t  t h e  f o r w a r d  f e n c e .  
(model s t a t i o n s  10 t o  1 5 ) ,  t h e  LIDs reduced t h e  t e m p e r a t u r e  by  a p p r o x i m a t e l y  
100 t o  150 O R .  T h e r e f o r e ,  t h e  LIDs were e f f e c t i v e  i n  c o n t a i n i n g  and d e f l e c t i n g  
t h e  h o t  a i r  f low which  imp inged  on  t h e  u n d e r s i d e  of t h e  model ,  t h e r e b y  r e d u c i n g  
t h e  degree o f  HGI. 

I n  t h e  r e g i o n  o f  t h e  i n l e t  

Temperature measurements made around t h e  p e r i m e t e r  o f  t h e  main  i n l e t  sec- 
t i o n  a r e  shown i n  f i g u r e  20. The r e s u l t s  a r e  shown w i t h  and w i t h o u t  L IDs  con- 
f i g u r a t i o n s  a t  t h e  d e s i g n  c o n d i t i o n .  The L IDs c o n f i g u r a t i o n  i s  100 t o  150 O R  

l ower  t h a n  t h e  c l e a n  c o n f i g u r a t i o n .  

GROUND PLANE A I R  TEMPERATURE AND PRESSURE MEASUREMENTS 

A s  n o t e d  i n  t h e  i n s t r u m e n t a t i o n  s e c t i o n ,  t h e  ground p l a n e  the rmocoup les  
measured a i r  t e m p e r a t u r e .  The ground p l a n e  t e m p e r a t u r e  d i s t r i b u t i o n  a l o n g  t h e  
c e n t e r l i n e  i s  p r e s e n t e d  i n  f i g u r e  21 f o r  t h e  d e s i g n  c o n d i t i o n ,  a n o z z l e  exhaus t  
t empera tu re  o f  960 O R ,  a main  l a n d i n g  gear  h e i g h t  o f  0 .10  i n . ,  and a headwind 
v e l o c i t y  o f  10 k n .  F i g u r e  21 shows a compar ison o f  t h e  c o n f i g u r a t i o n s  w i t h  
and w i t h o u t  L IDs .  The purpose of t h e  LIDs i s  t o  r e d i r e c t  t h e  f o u n t a i n  f low 
back o n t o  t h e  ground p l a n e  r e g i o n .  A s  a r e s u l t ,  t h e  ground f low i s  s l i g h t l y  
i n t e n s i f i e d  between 10 and 50 i n .  ups t ream o f  t h e  m i d  n o z z l e s  l o c a t i o n .  The 
ground p l a n e  a i r  t e m p e r a t u r e  ups t ream o f  t h e  LIDs i n c r e a s e s  as shown i n  
f i g u r e  21.  
f i e l d  i n g e s t i o n .  

T h i s  d a t a  tends  t o  i n d i c a t e  t h a t  t h e  L IDs can a l s o  m o d i f y  t h e  f a r  

A t y p i c a l  p r e s s u r e  change d i s t r i b u t i o n  a l o n g  t h e  c e n t e r l i n e  o f  t h e  ground 
p l a n e  i s  p r e s e n t e d  i n  f i g u r e  22 f o r  a 10 k n  headwind,  and d e s i g n  c o n d i t i o n .  
The n o z z l e  exhaus t  f low imp inges  on  t h e  ground p l a n e  between -10 and +10 i n . ,  
r e s u l t i n g  i n  a l o c a l  s t a g n a t i o n  p r e s s u r e  near  t h e  n o z z l e  t o t a l  p r e s s u r e  a t  
imp ingement .  The n e g a t i v e  p r e s s u r e  change r e g i o n  l o c a t e d  under  t h e  model i s  a 
r e s u l t  o f  t h e  ground f low a c c e l e r a t i o n  away from t h e  impingement  zone and o v e r -  
expand ing .  These n e g a t i v e  p r e s s u r e s  a f f e c t  t h e  model u n d e r s u r f a c e ,  r e s u l t i n g  
i n  n e g a t i v e  suckdown forces wh ich  a r e  seen i n  t h e  j e t  i n d u c e d  l i f t  ( r e f .  1 ) .  
However, t h e  f o u n t a i n  i m p i n g i n g  on  t h e  u n d e r s u r f a c e  o f  t h e  model wou ld  r e s u l t  
i n  an upwash f o r c e .  I n  g e n e r a l ,  t h e  f o u r  p o s t e r  c o n f i g u r a t i o n  t e s t e d  has a n e t  
upwash f o r c e  ( u s i n g  e m p i r i c a l l y  p r e d i c t e d  j e t - i n d u c e d  l i f t  c h a r a c t e r i s t i c s )  
when i n  g round e f f e c t s  a t  a n o z z l e  p r e s s u r e  r a t i o  o f  3.02. 

A t y p i c a l  f a r  f i e l d  s e p a r a t i o n  i s  shown u s i n g  w a t e r  f low v i s u a l i z a t i o n  i n  
f i g u r e  23. The t u f t s  on  t h e  ground p l a n e  p o i n t i n g  toward  t h e  model a r e  ' 

ups t ream o f  t h e  ground j e t  s e p a r a t i o n  zone, under  t h e  i n f l u e n c e  o f  t h e  headwind 
v e l o c i t y .  The t u f t s  p o i n t i n g  away from t h e  model a r e  downstream o f  t h e  ground 
j e t  f low s e p a r a t l o n  zone, under  t h e  i n f l u e n c e  o f  t h e  n o z z l e s  f low.  The i n f l u -  
ence o f  t h e  ground j e t  i s  c o n f i n e d  l a t e r a l l y  by  t h e  f r e e s t r e a m  (headwind)  
v e l o c i t y ,  due t o  t h e  l a t e r a l  v e l o c i t y  decay .  T h i s  can be obse rved  a t  t h e  t o p  
o f  f i g u r e  23 .  The t u f t s  i n  t h e  upper  r e g i o n  a r e  p o i n t i n g  downstream ( i n  t h e  
d i r e c t i o n  o f  t h e  mode l ) .  The w a t e r  m i s t  f low v i s u a l i z a t i o n  have been e f f e c -  
t i v e  i n  h i g h l i g h t i n g  t h e  f a r  f i e l d  i n g e s t i o n  z o n e s / r e g i o n s  o f  g round  p l a n e  
s e p a r a t i o n .  

a 
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C h a r a c t e r i s t i c s  t y p i c a l  of t h e  near  f i e l d  h o t  gas i n g e s t i o n  a r e  shown i n  
f l g u r e  24. T h i s  i s  a t h r e e - q u a r t e r  v i e w  of t h e  c l e a n  c o n f i g u r a t i o n  w i t h  a -6"  
s p l a y .  When t h e  ground a i r  flow from two j e t s  meet ,  a f o u n t a i n  i s  f o rmed .  I f  
t h e r e  a r e  more t h a n  two j e t s ,  a f o u n t a i n  i s  fo rmed between each p a i r  and a cen- 
t r a l  f o u n t a i n  i s  fo rmed when t h e  f low from a l l  f o u r  n o z z l e s  meet .  

Between t h e  f o r w a r d  and a f t  n o z z l e s  i s  a s t a g n a t i o n  l i n e .  The c e n t r a l  
f o u n t a i n  can a l s o  be seen i n  t h e  a f t  r e g i o n  under  t h e  mode l .  The w a t e r  m i s t  
flow v i s u a l i z a t i o n  i s  v e r y  e f f e c t i v e  i n  showing t h e  near  f i e l d  h o t  gas i n g e s -  
t i o n  c h a r a c t e r i s t i c s .  The e x p e r i m e n t a l  and flow v i s u a l i z a t i o n  r e s u l t s  i n d i c a t e  
t h a t  t h e  m o d i f i c a t i o n s  made t o  t h e  9- by  15-Foot  LSWT e f f e c t i v e l y  v a l i d a t e d  
t h i s  f a c i l i t y  as an a c c e p t a b l e  w ind  t u n n e l ,  f o r  STOVL h o t  gas i n g e s t i o n  
t e s t i n g .  

SUMMARY O F  RESULTS 

An e x p e r i m e n t a l  i n v e s t i g a t i o n  was conducted  i n  t h e  NASA Lewis  9- by  
15-FOOt Low Speed Wind Tunnel t o  d e t e r m i n e  t h e  e f f e c t s  o f  Hot Gas I n g e s t i o n  on  
a v e c t o r e d  t h r u s t  STOVL concep t ,  to  b u i l d  a h o t  gas i n g e s t i o n  da tabase ,  and t o  
e s t a b l i s h  t h e  w ind  t u n n e l  as an a c c e p t a b l e  h o t  gas t e s t i n g  f a c i l i t y .  

The t e s t  was conducted  w i t h  a 9 . 2  p e r c e n t  s c a l e  mode l .  Da ta  were o b t a i n e d  
fo r  n o z z l e  p r e s s u r e  r a t i o  r a n g i n g  from 1 . 1  t o  4 .0 ,  i n l e t  Mach number r a n g i n g  
from 0.1 t o  0 .40 ,  and main  l a n d i n g  gear  h e i g h t  above t h e  g round  p l a n e  r a n g i n g  
from -0.20 (whee ls  removed) t o  15 .47  i n .  The model a t t i t u d e  range  was as f o l -  
lows: p i t c h  a n g l e  +6.5"; yaw a n g l e  0 " ,  45", and 90"; and r o l l  a n g l e  0 " .  Head- 
w ind  ( f r e e s t r e a m )  v e l o c i t y  was v a r i e d  form 8 t o  23 k n .  S e v e r a l  m o d i f i c a t i o n s  
were made t o  t h e  9- by  15-Foot  LSWT i n  an e f f o r t  t o  v a l i d a t e  t h i s  h o t  gas t e s t -  
i n g  f a c i l i t y .  

( 1 )  The m o d i f i c a t i o n s  made t o  t h e  9- by  15-Foot  Low Speed Wind Tunnel  have 
p r o v e n  t o  be e f f e c t i v e  i n  t e s t i n g  v e c t o r e d  t h r u s t  c o n c e p t s .  

The f o l l o w i n g  r e s u l t s  were o b t a i n e d :  

( 2 )  The 9- by  15-Foot LSWT has been v a l i d a t e d  as an a c c e p t a b l e  w ind  t u n n e l  
f o r  STOVL h o t  gas i n g e s t i o n  t e s t i n g .  

( 3 )  
sor f a c e  

( 4 )  
ground p 

(5) 
f a c e .  

(6) 

L IDS s i g n i f i c a n t l y  reduced  t h e  i n l e t  t e m p e r a t u r e  r i s e  a t  t h e  compres- 

I n l e t  t e m p e r a t u r e  r i s e  i n c r e a s e s  w i t h  d e c r e a s i n g  h e i g h t  above t h e  
ane. 

S p l a y  a n g l e  can reduce  t h e  i n l e t  t e m p e r a t u r e  r i s e  a t  t h e  compressor  

The w a t e r  m i s t  flow v i s u a l i z a t i o n  r e s u l t s  have been v e r y  e f f e c t i v e  i n  
showing b o t h  t h e  n e a r  and f a r  f i e l d  i n g e s t i o n  zones,  r e g i o n s / l o c a t i o n s  o f  
g round  p l a n e  s e p a r a t i o n ,  and j e t  f o u n t a i n s .  

9 



CONCLUDING REMARKS 

As a result of the successful program, a large data base has been estab- 
lished for supersonic and subsonic jets exhausting into a subsonic flow field. 

A follow-on activity is, therefore recommended and should incorporate fur- 
ther improvements in the 9- by 15-Foot LSWT for HGI-type testing. For example: 

(1) A model Integrated Support System (MISS) will be installed. This sup- 
port system will have 4" of freedom (pitch, roll, yaw, and vertical variation) 
remotely actuated from the control room. The MISS will have the following fea- 
tures: pitch angle *ZOO, angle-of-yaw *180", and angle-of-roll *lo".  The 
height variation will range from wheels-on-ground to approximately 4.5 ft 
above the present ground plane. The MISS will simulate both inlet and nozzle 
airflows. 

( 2 )  Installation of a thermovision system with both video and digital 
output. 

( 3 )  Installation of a laser sheet system coupled with a standard and 
U-matic video systems. 

( 4 )  A new 1660 "R heated air supply system will be used. 

(5) On-line acoustic analysis system will be used. 

( 6 )  A new analog system will approximately double the present analog meas- 
urement capabilities of the 9- by 15-Foot Low Speed Wind Tunnel. 
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TABLE I .  - GROUND PLANE INSTRUMENTATION LOCATIONS 
[Dimensions a r e  i n  i nches ;  x measured f rom t r a p  door  l e a d i n g  edge: y i s  l o c a t e d  22 i n .  above 

t h e  ground p l a n e  c e n t e r l i n e .  

zl  panel  

S t a t i c  p ressu re  Sur face  a i r  t empera tu re  

y l  panel  

S t a t i c  p ressu re  Sur face a i r  t empera tu re  

TABLE 11. - COMPRESSOR FACE RAKE INSTRUMENTATION LOCATIONS 

1 
4 
5 a 

I I Leg i d e n t i f i c a t i o n  I Leg i d e n t i f i c a t i o n  

66.499 2 21.533 
293.50 1 3 338.467 
246.499 6 201.533 
113.501 7 158.467 

- 0.624 

Number Angle,  Radius,  Number Angle,  I I deg I 2. I I deg 

1.396 
1.56 
1.651 
1.81 

I I I 

aSurface denotes s t a t i c  p r e s s u r e  l o c a t i o n .  

Radius,  
R ,  
i n .  

0.624 
.646 

1.081 
1.119 
1.396 
1.444 
1.651 
1.709 
1.938 

Sur facea  

b 
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AIR FORCE MISSIONS 

1,500 I 

10,000 n 

CARRIER 
OPERATION 

CD-84-15235 

FIGURE 1. - STOVL IMPROVES OPERATIONAL EFFECTIVENESS. 

Near Field Hot Gas Ingestion Due to Fountain Upwash 

Far Field Hot Gas Ingestion Due to Separated Ground Flow 

FIGURE 2. - THE SOURCES OF HOT GAS INGESTION. 



NO. 2 DOO? 7 r/\  

No. 3 Door-,, ,F Acoustical 
Muffler 

2.74 by 4.58 meter 
(9 x 5) Low speed 

\ \ 
\ 
\ 

Test Section -, 

No. 4 Door -, 
NO. 5 Door- K w /  ' - 8 x 6  Diffuser 

2.44 by 1.83 meter 
(8 x 6) Supersonlc &/-- Test Section - Balance Chamber 

Flexible 
Nozzle 

CD-88-34998 

FIGURE 3. - AN ILLUSTRATION OF THE 9- BY 15-FOOT LOW-SPEED WIND TUNNEL AND THE 8- BY 6-FOOT SUPERSONIC WIND TUNNEL. 

(a) A THREE-QUARTERVIEW OF THE MODEL INSTALLED IN THE 9- BY E-FOOT LOW-SPEED WIND TUNNEL. 

FIGURE 4 .  - MODEL 279-3C AND COMPRESSOR FACE RAKE DETAILS. 
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TABLE I. - COMPRESSOR FACE RAKE INSTRUMENTAT ICJN LOCAT IONS. 

Number Angle, 
deg . 

1 66.499 
4 295. 501 
S 246.499 
0 113.501 

To ta l  Temperature 
Fressure 

Temperature 
Pressure 

Temperature 
Pressure 

Temperature 
Fressure I Temperature 

S t a t i c  Pressure 

Leg I d e n t i f i c a t i o n  I Leg I d e n t i f i c a t i o n  

Radius, 
R, in. 

0.624 
0 .  698 
1 .OB1 
1.209 
1.396 
1.56 
1.651 
1.81 
1.872 
2.038 

Number Angle, 

Fressur e 
Temper a t  c i r  e 

F'ressur e 
Temp et- a t  LI r e 

F r e s s ~ t r e  
Temper a t  c i r  e 

P ress~ t re  1 Temperature 
S t a t i c  Fressctr-e 

Inlet Centerbody -. n 

:ad i 1-15 , 
L ,  i n .  

0. 646 
0.  722 
1.119 
1.251 
1.444 
1.615 
1 . 709 
1.875 
1.958 
2.  038 

I I 

/ 

Face Rake 

/ 
L Main and Auxiliary 

Inlets 

Nose Gear - HA 
0 Thermocouple 

0 Total Pressure 

A Static Pressure Tap 
3 

4 
k y - E n g i n e  Hub 

-Inlet Bifurcation 

View Looking Downstream 

( b )  FORWARD FUSELAGE - COMPRESSOR FACE RAKE SCHENATIC. 

FIGURE 4 .  - CONCLUDED. 
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FIGURE 5 .  - THE UNDERSURFACE OF THE HGI MODEL SHOWING L I D S  AND NOZZLES. 

i 
X 

( a )  NOZZLE SPLAY ANGLE. 

Nozzle 
Side View 

z 

(b )  NOZZLE VECTOR ANGLE. 

FIGURE 6 .  - DEFINITION OF FORWARD NOZZLES SPLAY 
AND VECTOR ANGLES. 
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ORJGlNAL PASF IS 
OF POOW QUALITY 

FIGURE 7. - THE HOT GAS INGESTION MODEL AND SUPPORTING SYSTEM INSTALLED I N  THE 9- BY 15- 
FOOT LOW-SPEED WIND TUNNEL. 
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Table 11. - Ground plane Instrumentation locations. 
9 

1 37.33 22 

3 22.4 21.94 
4 16.4 21.97 

6 4.36 22 

2 28.37 21.98 

5 i0.58 21.98 

~ 1 37.31 18 
2 28.34 18 
3 22.36 17.97 
4 16.36 16.04 
5 10.37 18.02 
6 4.54 18.04 

Tomperrturo Tomperrturs 

1 31.38 21.97 
2 25.34 21.98 
3 19.37 21.98 
4 13.41 22 
5 7.37 21.97 
6 3.32 

1 31.36 17.99 
2 25.33 18 
3 19.38 17.99 
4 13.38 18 
5 7.34 18 
6 3.3 

I_ 336 6 

1 
7- 

18 

40.75 7 
\ 
\ 

D e c k  in g opening 1 

1 I I 

-- FLOW I, - 
I I  I I  t -  I1 I1 I b 2  

FIGURE 8. - GROUND PLANE SCHEPV\TIC AND INSTRUENTATION.  (DIPIENSIONS I N  INCHES.) 
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FIGURE 9. - AFT VIEW OF THE 9- BY 15-FOOT LOW-SPEED WIND TUNNEL TEST SECTION, 

___----- 

I (Left  and Right Sides) 

, 
\ \ 

I \ 
I 

Trap Door \ 
Scavenging System -I 

Wind Tunnel Floor- 
\ 
-Ground 

Plane 
Surface 

FIGURE 10. - CROSS SECTION OF TEST SECTION SHOWING THE SIDEWALLS SCAVENGING SYSTEM, 
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,-Pressure Control Valve 
/ 

c 

i P, P. 

Water Fill 4’ 
S y s t e m 1  

A ‘I 
To NASA Lewis Nitrogen 
Supply System 

Water FillA +, ? . 
System 

/ ‘Shut Off Valve 
Fill Valved ‘  

-Vent Valve 
Check Valve--/ 

-Water Tank 

Line (4) (Allow 
for Vertical , 

Height Change) -’ 

To Test Nozzle 

FIGURE 11. - A SCHEMATIC OF THE MODEL FLOW VISUALIZATION WATER INJECTION SYSTEM. 

Anemometer 
.--) 

Tunnel Wind - I \ 
-Tunnel Ceiling 

Trap Door Open 

W 

FIGURE 12. - TEST SECTION AIRFLOW VELOCITY MEASURING SYSTEM. 
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I ‘-North Wall 
\ 

-Tunnel Rake 

A’ 

- 
‘-Thermocouple strip @ 

,- Static Pressure Strip 

,-Thermocouple strip @ 
d 

TunnelRake - 

0- Propeller 
Anemometer 

t - ~ e r m o c o u p ~  Strip @ 
1 -South Wall 
/ 

Celllng (Looklng Down) 

c Ground Plane 

North Wall 

c I I 

-Thermocouple Strip @ 
/-Thermocouple Strip @ 

I 

Ground Plane 

South Wall 

FIGURE 13. - TEST SECTION WALLS AND CEILING INSTRUPENTATIONS. 



m an J 

0 0 0 0 0 . 0 0  0 

I- 8.5 ft CI 
I Individual Static Pressure Taps 

,I 10 Installed 

a t  0 0 0 . 0 . .  0 0 

I 

FIGURE 14. - DETAILS OF THE TEST SECTION THERMOCOUPLE AND STATIC PRESSURE INSTRUENTATION STRIPS. 
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0.0 Fuselage 
30.51 5 

Nozzle Midpoint 

Y-Axis 

60 40 30 20 10 0 -10 -20 -30 

Side View 

///’/”////’/’‘//’/ k’ ” I”’ ’ cc&hii6di: ’ ’ ” ’ + ’ / / Y-Axis 

c 

t 
I 

Ground 
Plane c- 

Top Vlow 

FIGURE 15. - GROUND PLANE COORDINATE SYSTEM AND MODEL LOCATION. 
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MAIN GEAR HEIGHT = 0.10 IN. 

NOZZLE PRESSURE RATIO = 3.02 
COMPRESSOR FACE MACH NUMBER = 0.40 

PITCH ANGLE = 6.5' 
NOZZLE EXHAUST TEMPERATURE = 960 OR 
HEADWIND VELOCITY = 10 KNOTS 

FORWARD NOZZLE SPLAY = -6' 

8- 

60 

i 

20 I 
! 

4" 

I 
I 

0 
-.4 0 .4 .8 1.2 1.6 

MAIN LANDING GEAR WHEEL HEIGHT ABOVE 
GROUND PLANE, h,  IN. 

FIGURE 16. - THE MODEL HEIGHT ABOVE THE GROUND PLANE 
EFFECTS ON HOT GAS INGESTION. 

MAIN GEAR HEIGHT = 0.20 IN. 

NOZZLE PRESSURE RATIO = 3.02 
COMPRESSOR FACE MACH NUMBER = 0.40 

PITCH ANGLE = 6.5' 
NOZZLE EXHAUST TEMPERATURE = 960 OR 
HEADWIND VELOCITY = 10 KNOTS 

FORWARD NOZZLE SPLAY = -6' 

0 CLEAN CLEAN CONFIGURATION 
A WITH L I D S  

8o t 
c U 

2oa 60 

E Q  
W 
E .  ut- 

L I D S  CONFIGURATION 

s Y 
4 

0 
5 10 15 20 25 

HEADWIND VELOCITY. KNOTS 

FIGURE 18. - THE EFFECT OF L I F T  IMPROVEMENT DEVICES ON 
HOT GAS INGESTION. 
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MAIN GEAR HEIGHT = 0.20 IN. 
NOZZLE PRESSURE RATIO = 3.02 
COMPRESSOR FACE MACH NUMBER = 0.40 

PITCH ANGLE = 6.5' 
NOZZLE EXHAUST TEMPERATURE = 960 OR 

FORWARD NOZZLE SPLAY = -6' 

I 

0 0' SPLAY 
- 0 -6' SPLAY 

SPLAY -6 '7 '  
FORWARD NOZZLES 

10 15 20 25 
HEADWIND VELOCITY. KNOTS 

FIGURE 17. - THE EFFECT OF FORWARD NOZZLE SPLAY ANGLE ON 
HOT GAS INGESTION. 

FORWARD FENCE 

LANDING 
GEAR UNDERSURFACE OF MODEL 279-3C 

0" l0OC 

MAIN GEAR HEIGHT = 0.10 IN. 
NOZZLE PRESSURE RATIO = 3.02 
COMPRESSOR FACE MACH NUMBER = 0.40 
FORWARD NOZZLE SPLAY = -6' 
PITCH ANGLE = 6.5' 
NOZZLE EXHAUST TEMPERATURE = 960 OR 
HEADWIND VELOCITY = 10 KNOTS 
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0 CLEAN 
a WITH L I D S  

3 
700 

W 

5 2 6oos 500 10 15 20 25 30 35 40 

MODEL FUSELAGE STATION, IN. 

SURFACE CENTERLINE AIR TEMPERATURE DISTRIBUTION, 
FIGURE 19. - THE EFFECT OF L I D S  ON THE MODEL UNDER- 
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MAIN GEAR HEIGHT = 0.10 IN. 
NOZZLE PRESSURE RATIO = 3.02 
COMPRESSOR FACE MACH NUMBER = 0.40 
FORWARD NOZZLE SPLAY = -6' 
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NOZZLE EXHAUST TEMPERATURE = 960 OR 
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FIGURE 20. - THE EFFECT OF L I D S  ON THE TEMPERATURE 
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FIGURE 23. ~ A FLOW V I S U A L I Z A T I O N  VIEW SHOWING FAR F I E L D  SEPARATION AHEAD OF THE MODEL. 

FIGURE 24. - A THREE-QUARTER VIEW OF THE CLEAN CONFIGURATION SHOWING THE NEAR F I E L D  
CENTRAL FOUNTAIN/LOCAL FLOW F I E L D  CHARACTERISTICS. 
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